Antimicrobial volatile substances from plants represent alternatives to synthetic pesticides and food preservatives. In this study, the compositions of some essential oils were determined by gas chromatography with mass spectrometry, and the inhibitory properties of the essential oils and their components against the bacterial postharvest pathogens Pectobacterium carotovorum subsp. carotovorum (CCM 1008), Pseudomonas syringae (CCM 7018), Xanthomonas campestris (CCM 22) were determined by the microdilution method. Essential oils from oregano, cinnamon, lemongrass, lavender, clove, rosemary, tea tree, eucalyptus, garlic, and ginger and their components cinnamaldehyde, eugenol, thymol, and carvacrol were used in the tests. The essential oil components exhibited strong antibacterial activity against all tested bacteria. The oregano and cinnamon essential oils were most effective. The rosemary, lavender, tea tree, eucalyptus, garlic, and ginger oils were not effective at the tested concentrations. In conclusion, certain essential oils, particularly their components, are highly effective and could be used for the control of postharvest bacterial pathogens.
INTRODUCTION
Essential oils are aromatic oily liquids obtained from various plant parts and are often responsible for a plant's distinctive odour or taste. Consequently, essential oils play a prominent role as flavouring agents in the food industry and as fragrances in the perfume industry , 2016) . Among plant pathogenic bacteria, Pectobacterium carotovorum subsp. carotovorum, Pseudomonas syringae, and Xanthomonas campestris affect a wide range of plant species, including several economically important plants. Pectobacterium carotovorum subsp. carotovorum is a Gram-negative, rod-shaped, fermentative bacterium that causes bacterial soft rot and other diseases of many plant species, including potato (Solanum tuberosum L.), pepper (Capsicum annuum L.), and cabbage (Brassica campestris L.) (A l a m s h a h i et al., 2010; Z h a o et al., 2013) . Pseudomonas syringae is a Gram-negative polyphagous bacterium that usually survives as an epiphyte on host plants and becomes pathogenic under appropriate environmental conditions. This bacterium causes serious losses to stone fruits, in which it elicits a variety of symptoms, such as blossom blast, spur dieback, leaf necrosis, bark cankers, gummosis of woody tissues and bacterial spot (H u a n g , L a k s h m a n , 2010; K o k o s k o v a et al., 2011). Bacterial blight is usually caused by the Gram-negative rod-shaped bacterium Xanthomonas campestris. This seed-borne disease is characterized by necrotic lesions on leaves, stems, and/or fruits and affects cotton (Gossypium herbaceum L.), bean (Phaseolus vulgaris L.), and tomato (Lycopersicon esculentum Mill.) (S a t i s h et al., 1999; K o t a n et al., 2014).
In addition to decreased yield, plant pathogens can cause significant losses during storage (K o t a n et al., 2014). Therefore, various treatments are applied to prevent postharvest pathogens from affecting the quality of stored products (M a h a j a n et al., 2014). Application of chemical pesticides can cause health hazards in animals and humans due to residual toxicity. Consequently, a number of synthetic pesticides have been banned (S a t i s h et al., 1999). Moreover, many plant pathogenic bacteria have acquired resistance to synthetic pesticides (K o t a n et al., 2014). Essential oils could be an alternative to synthetic pesticides (B o ž i k et al., 2017; F r a n k o v a et al., 2016). In recent years, the search for alternative approaches to prolonging the shelf life of agriculture products has included extensive study of plant essential oils as potential tools for postharvest treatment and food preservation (T z o r t z a k i s , 2007; P e r e t t o et al., 2014; S i v a k u m a r , B a u t i s t a -B a ñ o s, 2014). Thus, in this study, we evaluated the antibacterial activities of selected essential oils and their constituents against three important plant pathogens: Pectobacterium carotovorum subsp. carotovorum, Pseudomonas syringae, and Xanthomonas campestris.
MaTeRIal aND MeThODS

Bacterial strains
In this study, we used three potentially phytopathogenic Gram-negative bacterial strains (Pectobacterium carotovorum subsp. carotovorum (CCM 1008), Pseudomonas syringae (CCM 7018), and Xanthomonas campestris (CCM 22)) obtained from the Czech Collection of Microorganisms (Brno, CZ) and maintained in tryptone soya broth (Oxoid Ltd., Basingstoke, UK) at 25°C.
Essential oils and their components
Essential oils from oregano (Origanum vulgare), cinnamon (Cinnamomum zeylanicum), clove (Syzygium aromaticum), lemongrass (Cymbopogon citratus), lavender (Lavandula officinalis), rosemary (Rosmarinus officinalis), tea tree (Melaleuca alternifolia), eucalyptus (Eucalyptus globulus), garlic (Allium sativum), and ginger (Zingiber officinale) were purchased from Biomedica (Prague, Czech Republic) and SigmaAldrich (St. Louis, USA) and stored at 4°C in airtight sealed glass bottles. Cinnamaldehyde, eugenol, thymol, and carvacrol used in tests were purchased from Sigma-Aldrich.
Analysis of essential oils
Gas chromatography with mass spectrometry (GC-MS) was used to identify the constituents of the essential oils. The essential oils were diluted in hexane to a final concentration of l µl ml -1 . The GC-MS analyses were performed using an Agilent 7890A GC coupled to an Agilent MSD5975C MS detector (Agilent Technologies, Palo Alto, USA) with an HP-5MS column (30 m × 0.25 mm, 0.25 μm film thickness). A 1-μl aliquot of the sample was injected in split mode 1 : 12, with an injector temperature of 250°C and electron ionization energy of 70 eV. Analyses were performed in SCAN mode with a mass range of 40-400 m z -1 . The oven temperature started at 60°C and was programmed to 231°C at a rate of 3°C min -1 ; the final temperature was then held for 10 min (Kloucek et al., 2012) . The identification of constituents was based on a comparison of their mass spectra and relative retention indices with the National Institute of Standards and Technology Library (NIST, USA), as well as authentic standards and the literature (Adams, 2007) . The standards from Sigma-Aldrich (St. Louis, USA) and their retention indexes (RI) are presented in Table 1 .
Antimicrobial assays
Before the antimicrobial assays, stock cultures of the bacterial strains were grown in tryptone soya broth (Oxoid, Ltd., Basingstoke, UK) at 25°C for 24 h for Pectobacterium or 72 h for Pseudomonas and Xanthomonas. An inoculum was then created by dilution in the same medium to a final cell concentration of 10 6 CFU ml -1 , which was confirmed by measuring the cell density in McFarland units (densitometer McFarland type DEN-1B; Biosan, Riga, Latvia). A modification of the EUCAST (2003) microdilution method was used for antimicrobial testing. A two-fold serial dilution of an essential oil or component ranging from 1024 to 64 mg l -1 was prepared from a stock solution in tryptone soy broth with 1% Tween 80. Then 190 μl were pipetted to 96-well microtitration plates, followed by the addition of 10 μl of inocula. The microtitration plates were incubated at 25°C for 72 h. After incubation, the minimum inhibitory concentrations (MICs) were recorded. MICs were expressed as the lowest concentration at which a substance absolutely inhibited visible growth of the bacterium. Each plate contained two negative and two positive controls. For each essential oil or component, the microdilution assay was performed in triplicate, and the resulting median MICs were recorded.
ReSUlTS
Compositions of essential oils
The compositions of the essential oils were analyzed by GC-MS (K l o u c e k et al., 2012). The percentage compositions and modes of identification of the oil components are listed in Table 2 . The chromatographic analyses resulted in the identification of 108 components representing 86.7-99.67% of the oils. The major components (Table 2 ) of the essential oils were eugenol in clove (82%) and cinnamon oil (72%), eucalyptol in eucalyptus oil (82%) and rosemary oil (44%), diallyl disulphide (39%) and diallyl trisulfide (20%) in garlic oil, linalyl acetate (32%) and linalool (30%) in lavender oil, α-and β-citral (70% together) in lemongrass oil, carvacrol in oregano oil (67%), 4-terpineol (37%) and γ-terpinene (19%) in tea tree oil and zingiberene in ginger (32%).
MIC determination
The MICs of the 10 plant essential oils and 4 essential oil components against Pectobacterium carotovorum subsp. carotovorum, Pseudomonas syringae, Xanthomonas campestris obtained by the microdilution method are shown in Table 3 . The most effective essential oils were those from oregano (MIC 256, 256, and 64 mg l -l , respectively) and cinnamon (MIC 128, 256, and 256 mg l -l ). The MICs of cinnamaldehyde (MIC 128, 128 , and 64 mg l -l ) and eugenol (MIC 256, 512, and 128 mg l -l ) were lower than those of the essential oils from cinnamon (MIC 128, 256, and 256 mg l -l ) and clove (MIC 1024, 1024, and 512 mg l -l ), respectively. By contrast, thymol (MIC 512, 1024, and 512 mg l -l ) and carvacrol (MIC 512, 1024, and 1024 mg l -l ) were less effective than oregano oil. The essential oils of lemongrass, lavender, rosemary, tea tree, and eucalyptus were active against Xanthomonas campestris only (MICs ranging from 256 to 1024 mg l -l ), with the exception of lavender, which also showed weak activity against Pectobacterium carotovorum. The garlic and ginger oils were not active against any microorganism tested. Xanthomonas campestris was the most susceptible microorganism, with sensitivity to the majority of tested substances, whereas Pseudomonas syringae was the least susceptible microorganism.
DISCUSSION
Our results for the analysis of the compositions of essential oils are consistent with previously published data (C a v a n a g h , W i l k i n s o n , 2002; P a w a r , (2011) Table 2 . Essential oils composition determined by gas chromatography-mass spectrometry -Part 3 components (C a l o et al., 2015; E l s h a f i e et al., 2015). In our study, eugenol, the main component of clove and cinnamon essential oil, had stronger antibacterial activity than the essential oil. Eugenol is the strongest antimicrobial compound in clove oil but it represents only 81.74% of whole oil. Cinnamon oil has similar content of eugenol (76.85%), but it also contains 3.7% of benzyl benzoate which is a strong antimicrobial substance. Results from this study confirmed that oregano and cinnamon essential oils and their compounds (cinnamaldehyde, thymol, carvacrol) have high antibacterial potential and can be effectively used. The use of essential oils as pesticides is safer than that of chemicals and could become good alternative for them ( , 2015) .
CONClUSION
In the present study, we evaluated and compared the antibacterial activities of 10 plant essential oils and their compounds against three postharvest plant pathogens. In conclusion, our results showed good antibacterial potential of the oils against the bacterial pathogens tested, however, further research is needed in order to evaluate the efficacy of these oils in model products, to identify suitable products, and to adjust the application method.
